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Available online xxxxCore-sheath ﬁbres of two polymers were generated using a novel set-up where rotating speed and pressure can
be varied at ambient temperature. The specially designed spinneret consists of inner and outer chambers which
can accommodate two polymers and other additives. The new methodology was demonstrated using poly(eth-
ylene oxide) and poly(methylmethacrylate) (PMMA). Dyes were used as colouring agents for the polymers to
verify core-sheath formation, and optical, scanning and ﬂuorescent microscopy of the formed ﬁbres conﬁrmed
the presence of a core-sheath combination. The core diameter obtainedwas in the range 5–10 μmand the sheath
ﬁbre diameter was 20–30 μm. The core/sheath diameter can be pre-set by selecting the forming conditions. To
show the ﬂexibility of the new method, nanoparticle containing PMMA ﬁbres were also produced using the
new device and incorporation of the nanoparticles in the sheath and core of the ﬁbres was veriﬁed by electron
microscopy and energy-dispersive X-ray spectroscopy analysis. A high yield of ﬁbre was obtained and with
more severe forming conditions the size of core-sheath ﬁbres generated can be reduced to the nanoscale. Thus,
the newprocess has a real capability ofmanufacturing awide variety of novel functionalmaterials and structures
in a single scalable set-up.
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td. This is an open access article und1. Introduction
Core-sheath polymer ﬁbres are an interesting class of materials and
have received substantial attention due to its multitude of applications
in areas such as solar and electrical, in food, drug delivery and tissueer the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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characteristic compared to their single-phase counterparts. The core-
sheath ﬁbre has regular microstructure and a clear heterointerface
[10]. In addition, it endows amaterialwith a fascinating interfacial prop-
erty. For example, developing tissue engineering scaffolds consisting of
bi-phase core-sheath ﬁbres are useful for integrative osteochondral re-
pair. The micro-environments for bone and cartilage are different,
therefore development of two-phase ﬁbrous scaffolds show excellent
biocompatibility and resemblance in structure to thenatural extra cellu-
lar matrix of their respective tissues [11]. Core-sheath ﬁbres have been
also used in wound dressing and healing where these scaffolds possess
more homogeneity, oxygen penetration and prevent infections and de-
hydration [12]. Similarly, development of core-sheath ﬁbres containing
two different phases could be exploited in bi-phasic drug release [13].
Generally, in biphasic drug release, active pharmaceutical ingredients
are released at two different rates or periods and often an immediate re-
lease followed by a sustained release is ideal for delivering a wide vari-
ety of therapeutic ingredients such as non-steroidal anti-inﬂammatory
drugs, anti-allergic and antihistaminic agents. Core-sheath structures
showed excellent drug release characteristics and had sustained drug
release compared to blended ﬁbres [14]. In addition, core-sheath ﬁbres
were shown to induce excellent strength in ﬁbres, a property still a
major challenge in single-phase ﬁbres [10].
Pressurised gyration is a simple and versatile ambient temperature
technique to mass produce ﬁbres and ﬁbrous structures with controlla-
ble ﬁbre size and ﬁbre size distribution with high yield [15]. The tech-
nique consists of a vessel containing polymer solution subjected to
simultaneous centrifugal force and dynamic ﬂuid ﬂow to extrude ﬁbres
with tailored morphologies and functionality. The ﬁbres produced by
this technique depend on rotating speed of the vessel, air pressure and
the concentration of polymer solution. Indeed, unlike electrospinning
it is a nozzle free method independent of electrical conductivity and di-
electric constant of polymer solution. The process also offers production
of ﬁne long continuous anisotropic ﬁbres. Fibres with high molecular
orientation can provide mechanically stronger ﬁbres with remarkable
surface-active areas. Over the last ﬁve years pressurised gyration has
gone through many developments to process a wide variety of ad-
vanced functional materials and structures [16]. Process variations,
such as infusion gyration is capable of producing protein tagged ﬁbres
by controlling the ﬂow of polymer solution rather than pressure [17].
Likewise, pressure-coupled infuse gyration where ﬂow rate of material
into the rotating vessel is controlled simultaneously with pressure has
been shown to form well aligned nanoﬁbres with excellent size control
[18]. However, more dramatic modiﬁcations in pressurised gyration are
needed to process core-sheath ﬁbres through development of an inno-
vative spinneret.
In this work, we report, the creation of core-sheath polymer ﬁ-
bres generated by pressurised gyration. To achieve this break-
through, we designed a new spinneret, which is the ﬁrst of a series
of devices we intend to create. It consists of inner and outer reser-
voirs which can accommodate two different polymer solutions to
generate core-sheath structures. This ﬁrst attempt is also shown to
be useful for the encapsulation of other constituents e.g. nanoparti-
cles in the resultant microstructures.
2. Experimental
2.1. Materials
Aluminiummetal (Grade - BS EN755 6082-T6)was used tomake the
spinneret, the design and construction of which is explained further in
section 2.3. Poly (ethylene oxide) (PEO) (Mw = 200,000 gmol−1),
Poly(methylmethacrylate) (PMMA) (Mw = 120,000 gmol−1) and red
colour Sudan IV (Dye content, 80%) were obtained from Sigma Aldrich,
UK, the latter was used to colour PMMA. Red colour food dye was ob-
tained from a local trade station for use as a dye for PEO. Only one dyewas used at a time, to indicate the core of the core-shell ﬁbre. De-
ionised water and chloroform were used as the solvents for PEO
and PMMA, respectively. The two polymers were chosen because
one is water soluble (PEO) and the other is non-water-soluble poly-
mer (PMMA). Thus, they are not miscible polymer solutions and
phase separation could be easily obtained. Another reason is that
we have used water as a solvent for PEO and chloroform as a solvent
for PMMA. The boiling point of water is higher than the boiling point
of chloroform. Therefore, the solidiﬁcation of PMMA ﬁbres is easily
obtained when used as inner and outer capillary solutions. Ag-Cu-
W composite nanoparticles in chloroform were obtained from Uni-
versity of Hertfordshire and their details are published elsewhere
[16].
2.2. Solution preparation and characterisation
15 wt% (w/w) PEO was dissolved in de-ionised water and magneti-
cally stirred for 24 h at ambient temperature (~20 °C). 15 wt% (w/w)
PMMA was dissolved in chloroform and magnetically stirred for 24 h
at ~20 °C. Then 1 ml of Sudan dye was mixed with PMMA solution
and stirred for 2 h prior to pressurised gyration. Likewise, 1 ml of food
dye was mixed with PEO solution prior to pressurised gyration. The so-
lutions with dyes were used speciﬁcally for core ﬁbre formation in this
work.
The surface tension and viscosity of the 15 wt% PEO and 15 wt%
PMMA polymer solutions were characterised using calibrated Kruss
Tensiometer and Brookﬁeld Viscosity-meter, respectively. For
15 wt% PEO polymer solution the surface tension was 52 mN/m
and the viscosity was 2200 mPa s. For 15 wt% PMMA polymer solu-
tion the surface tension was 41 mN/m and the viscosity was
171 mPa s.
2.3. Spinneret design and fabrication
Fig. 1a shows the design of the core-sheath pressurised gyration de-
vice. There are two aluminium cylindrical vessels embedded together.
The diameter of outer vessel is 100 mm and the inner vessel is
80 mm. In the middle of the alignment there is an opening for the
pressurised gas connection. The opening has a dimension of 15 mm
outer diameter and the 6 mm inner diameter. The thickness of the
outer vessel is 20 mm and the inner vessel is 10 mm. In addition,
there are two protruding capillaries connected to vessels. The dimen-
sions of the capillaries were 1.6 mm outer diameter and 0.8 mm inner
diameter. The device was designed in such a way that upper and
lower die halves could be assembled using bolts. The materials to proc-
essed (e.g. polymer solution) are placed in the lower die moulds in ap-
propriate quantities. The vessel is connected to a DC motor at the
bottom through a screw-joint.
The two halves of the device and the assembled device used at
ambient conditions (20 °C, relative humidity 42%) in this study are
shown in Fig. 1b, c and d. One end of the vessel was connected to a
motor which can generate apparent speeds up to 6000 rpm, while
the other end was connected to a nitrogen gas stream, the pressure
of which can be varied up to 3 × 105 Pa. Speed of the gyration vessel
was calibrated by attaching a photo-sensitive tape to face of the ves-
sel and with a tachometer. To facilitate the collection of ﬁbres a sta-
tionary collector made of aluminium foil was placed around the
spinning vessel.
2.4. Core-sheath ﬁbre preparation
5 ml of PEO and PMMA solutions were used as core material in sep-
arate experiments. 4 ml PEO and PMMA solutions were used as sheath
ﬁbre material in corresponding experiments. In each case ﬁbres were
spun at 6000 rpm and 0.1 MPa pressure. The spinneret was operated
for 60s in each case. The process of core-sheath ﬁbre formation was
Fig. 1. (a) Design features of spinneret device. Interior view of new device (b) Bottom half (c) Top half (d) Experimental set-up.
3S. Mahalingam et al. / Materials and Design 178 (2019) 107846captured using a high-speed camera capable of recording 10,000 frames
per second (see Supplementary information for Video illustrating the
new process). Table 1 shows the polymer systems that were used in
this work.Table 1
Polymer systems and the corresponding sample numbers. Volume refers to amount of solution
Sample Core
Polymer (wt%) Spinning time (s) Dye (wt%)
1 PEO (15) 60 Food (0.5)
2 PMMA (15) 30 Sudan IV (
3 PMMA (15) 30 Sudan IV (
4 PEO (15) 60 Food (0.5)2.5. Encapsulation of nanoparticles in PMMA ﬁbres
Encapsulation of Ag-Cu-W nanoparticles was also attempted as fol-
lows: 5 ml of nanoparticle solution (in chloroform) was loaded in thein spinning device.
Sheath
Volume (ml) Polymer (wt%) Volume (ml)
1–5 PMMA (15) 1–4
0.5) 1–5 PEO (15) 1–4
0.5) 1–5 PMMA (15) 1–4
1–5 PEO (15) 1–4
4 S. Mahalingam et al. / Materials and Design 178 (2019) 107846inner reservoir of the vessel and 5 ml of PMMA solution was loaded in
the outer reservoir. They were simultaneously spun at 6000 rpm and
0.1 MPa pressure.
2.6. Microstructural characterisation
Core-sheath samples deposited in the aluminium foil were collected
using glass microscope slides. These were sealed in a petri-dish and
maintained at the ambient temperature. The samples were observed
using a Nikon Eclipse ME600 optical microscope. The ﬁbres were also
characterised using a ﬂuorescence microscope (EVOS FL, Life Technolo-
gies) to verify the core-sheath ﬁbre formation in each case.
The nanoparticle containing PMMA ﬁbres were studied using ﬁeld
emission scanning electron microscopy (FE-SEM, model JSM 6301 F).
Before imaging, samples were coated with carbon using a Edwards
Sputter S1 50B coater for 75 s. Energy dispersive X-ray analysis was per-
formed to verify the nanoparticle incorporation. Focused ion beammill-
ing and imaging was performed on samples to verify the core-sheath
structure using a Zeiss NV40 FIB/SEM machine. The milling and
polishing of the sample have been done with a current of 150 pA and
80 pA, respectively. The images were obtained at 5 kV applied voltage.
3. Results and discussion
3.1. Core-sheath ﬁbre formation
The formation of core-sheathﬁbres using this technique could be ex-
plained by Rayleigh-Taylor instability at the liquid-air interface. The ex-
ternal driving force is the centrifugal force that acts in the direction
away from the centre of the gyration vessel when the polymer solution
emerges from the respective channels. The surface tension forcewill op-
pose this centrifugal force in the opposite direction to withhold the ma-
terials in the channels. In addition to this centrifugal force there is a
dynamic ﬂuid ﬂow force originating from the blowing action of gas in
the channels. This results in elongation of polymer liquid jets in the
channels. The polymer solution and the air have dissimilar densities.
This will generate perturbation in the polymer liquid jet. The liquid jet
will be pushed upwards and downwards continuously during spinning.
When the maximum wavelength of the polymer liquid jet is reached
then it will be detached from the main stream to form polymer ﬁbres.
Finally, the evaporation of solvents leads to thinning of the ﬁbres
formed. The formation of the core and sheath ﬁbres must happen at
the same time to have core-sheath structure. Otherwise, ﬁbres will be
formed individually from the respective channels resulting in singlema-
terial ﬁbre structures as in our previous work [16]. To ensure core-
sheath ﬁbre structure formation, ﬂow synchronisation is essential.
Hence, sheath ﬁbre formation was tested individually (one reservoir
loaded) given its ﬂow is the limiting factor due to higher centrifugal
force and the low loading capacity. By increasing the volume of polymer
solution and ﬁnding out the respective yield for each case, an idealised
volume is derived and its time taken to form the ﬁbres was evaluated.
Based on this the core ﬂow is manipulated to achieve synchronisation.
Essentially there are three steps involved in forming of the core-
sheath structure. (i) polymer solutions were driven by centrifugal
force in opposition to withholding capillary force (ii) pressurised gas
stretches the ﬁbre in the spinning direction (iii) solvent evaporates
and solidiﬁcation of ﬁbre takes place.
To study the effect of rotating speed on core-sheath ﬁbre formation
PEOpolymer solution is loaded in the inner vessel and PMMAsolution is
loaded in the outer vessel. The solutionswere spun at 2000 rpm rotating
speed and 0.1MPaworking pressure. Therewas no output. The rotating
speedwas gradually increased to 4000 rpmwhile theworking pressure
was kept constant. In this scenario also, therewere nomaterials formed.
Finally, the rotating speedwas increased to 6000 rpmandworkingpres-
sure was kept at 0.1 MPa. This combination of rotating speed and theworking pressure yielded the core-sheath structures and they are pre-
sented below.
3.2. PEO core and PMMA sheath ﬁbres
Fig. 2a shows opticalmicrographs of the PEO core – PMMA sheath ﬁ-
bres. Thedepth ofﬁeld isﬁne tuned to indicate the core-sheathﬁbre for-
mation. The brighter region corresponds to the core of the ﬁbre and the
darker region corresponds to the sheath. Fig. 2b shows a ﬂuorescence
micrograph of the ﬁbre, the bright red colour (highlighted with dotted
line) shows the core of the ﬁbre. Both micrographs illustrate the core-
sheath ﬁbres with an equidistant central core region running across
the ﬁbre length.
3.3. PMMA core and PEO sheath ﬁbres
Fig. 2c shows the optical micrographs of the PMMA core and PEO
sheath ﬁbres. The brighter region corresponds to the PMMA core and
the darker region corresponds to the PEO sheath. Fig. 2d shows ﬂuores-
cence micrographs of the PMMA core and PEO sheath. It was also ob-
served that swapping the solvent systems shows the formation of
beads in the core while the sheath remains uniform and smooth.
3.4. PEO core and PEO sheath ﬁbres
In this scenario, ﬁbres failed to form due to much lower evaporation
of the solvent from inner and outer capillaries during the jettingprocess.
Water has a higher boiling point (~100 °C) compared to chloroform
(~61 °C) used with PMMA, therefore it will take longer to evaporate
completely at ambient temperature. Since the inner and outer vessels
consists the same phase during spinning, the jets ejected from the cap-
illaries remained in liquid state preventing formation of solid ﬁbres.
3.5. PMMA core and PMMA sheath ﬁbres
Opticalmicroscopy illustrates the dyed core as a lighter shade ofma-
terial with varying cross section running along the ﬁbre length (Fig. 2e).
This result is veriﬁed in the ﬂuorescence micrograph shown in Fig. 2f,
dotted line highlighting the core.
3.6. Core-sheath ﬁbre diameter distribution
Fig. 3a–f shows the ﬁbre diameter distribution for different polymer
systems. One hundred ﬁbres were used for analysis. In the PEO core –
PMMA sheath polymer system, the mean core diameter is 6.7 ± 1.1
μm (Fig. 3a). The mean sheath diameter is 20.5 ± 1.4 μm (Fig. 3b). The
polydispersity index of the distribution for these two cases is ~16%
and ~7%, respectively. Similarly, for the PMMA core – PEO sheath poly-
mer scenario, the mean core diameter is 8.5 ± 3.3 μm (Fig. 3c), the
mean sheath diameter is 24.8 ± 0.6 μm (Fig. 3d) and the polydispersity
index of the distribution for these two cases is ~39% and 2.5%, respec-
tively. The mean core and sheath diameter are 5.8 ± 1.1 μm and 31.5
±0.6 μm, respectively, for the PMMA core – PMMA sheath polymer sys-
tem (Fig. 3e, f), the polydispersity index of the distribution in each case
is ~20% and ~2%, respectively. Fig. 4 shows analysis of the core-sheath
ﬁbre diameters obtained in this work. As expected, in all cases the
mean core ﬁbre diameter is less than the mean sheath ﬁbre diameter.
PMMA polymer showed the higher mean ﬁbre diameter for core and
sheath components when coupled with PEO.
Fig. 5 shows the scanning electronmicrographs of the core-sheathﬁ-
bres obtained in this process. In all cases the ﬁbres appear as smooth
and continuous. However, surfacemorphology, size and shapes of theﬁ-
bres could be tailored to suite by changing the processing conditions
and the oriﬁce size and shape.
The variation in the ﬁbre diameter and diameter distribution for the
different polymer systems shows that tailoring of the ﬁbre size and size
(a) (b)
(d)
(f)(e)
Sheath PMMA Fibre 
Core PEO Fibre 
Core PEO Fibre 
Sheath PMMA Fibre 
Core PMMA Fibre 
Sheath PEO Fibre 
Sheath PEO Fibre 
Core PMMA Fibre 
(c)
Sheath PMMA Fibre 
Core PMMA 
Fibre 
Core PMMA 
Fibre 
Sheath 
PMMA Fibre 
Fig. 2. (a) Optical and (b) ﬂuorescence micrographs showing core-sheath ﬁbre formation in PEO core-PMMA sheath system, (c) Optical and (d) ﬂuorescence micrographs showing core-
sheath ﬁbre formation in PMMA core-PEO sheath system. (e) Optical and (f) ﬂuorescencemicrographs of PMMA core - PMMA sheath ﬁbres. Dark outer region indicative of PMMA sheath
and the brighter inner region indicates PMMA core.
5S. Mahalingam et al. / Materials and Design 178 (2019) 107846distribution is possible in this forming method. However, relevant
optimization is necessary to avoid polymer bead formation. It is well
known that polymer molecular weight and polymer chain entangle-
ment signiﬁcantly affect ﬁbre morphologies. Fabricating continuous
ﬁbre morphologies require sufﬁcient polymer entanglement, and for a
given molecular weight, the entanglement density increases with
concentration of the polymer and minimises ‘bead on string’ ﬁbre mor-
phology. The molecular weight determines the critical chain overlap
concentration. Fibre morphologies are shown to be greatly affected by
critical chain overlap concentration. Thus, as the polymer concentration
increases, the overlapping of polymer chains form sufﬁcient entangle-
ment networks of polymer chains. Bead-free continuous ﬁbres are
formedwhen the polymer concentration is above the critical concentra-
tion. However, increasing the concentration of the polymer increases
the viscosity of polymer solution hindering solvent evaporation, and
this results in thicker ﬁbres or solidiﬁcation takes place during spinning
and ﬁbres cannot be formed. If the concentration of polymer is too low,
only droplets or beads were formed or the creation of bead on string ﬁ-
bres were promoted. By optimising polymer concentration and using
higher pressures like in single material gyration [15] ﬁner core-sheath
ﬁbres on a nanoscale may be prepared.3.7. Nanoparticles in ﬁbres
Fig. 6 shows nanoparticle containing PMMA ﬁbres formed in this
process. Thewhite spots on the ﬁbres are veriﬁed as Ag-Cu-Wnanopar-
ticles using energy dispersive X-ray analysis. A striking observation is
that nanoparticles are quite well evenly distributed on the ﬁbre surface.
Even though the nanoparticles solution was contained within the inner
chamber which generates the ﬁbre core, the particles appeared on the
outer surface of the ﬁbres. This shows, there is a simultaneous solution
spraying and spinning of two different solutions occurring during
forming. The outer chamber provides the polymer solution which is
drawn out as polymer jets from its outlet. Since the polymer solution
has sufﬁcient polymer chain entanglement and viscosity the ﬁbres are
extruded from the outlet. However, the inner chamber contains nano-
particle solution lacking polymer chain entanglement and viscosity.
Therefore, this outlet draws out the liquid jet (in this case solvent chlo-
roform) which breaks up as tiny droplets containing nanoparticles.
These nanoparticle containing droplets will land on the polymer liquid
jets during forming. Finally, the droplet evaporates and leaves the nano-
particles on the polymerﬁbres. The nanoparticle containing core-sheath
ﬁbres could be used as face masks, air-water ﬁltration mats and tissue
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Fig. 3. (a)–(f) Fibre diameter distribution of the core-sheath ﬁbres for various polymer systems: (a), (b) Core, Sheath ﬁbre diameters of PEO-PMMA ﬁbres (c), (d) Core, Sheath ﬁbre
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6 S. Mahalingam et al. / Materials and Design 178 (2019) 107846engineering scaffolds. The function of the nanoparticle is to scavenge
the microorganism that is coming into contact with the ﬁbrous struc-
tures. The ﬁbrous structures can be used to protect environmental haz-
ards (face mask), ﬁlter out the particles (e.g. CaCO3) and other
impurities (air-water ﬁlters). In tissue engineering these are used tomimic the extra cellular matrix of the biological bodies where cells are
attached and grown under suitable conditions to generate a new tissue
or organ or replace damaged or burnt tissues. The nanoparticles will in-
hibit any microorganisms (e.g. bacteria) during the tissue regeneration
process and facilitate the smooth functioning of the scaffolds.
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Fig. 4. Analysis of the core-sheath ﬁbre diameters obtained in this work (1) PEO-PMMA ﬁbres (2) PMMA-PEO ﬁbres (3) PMMA-PMMA ﬁbres.
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Fig. 7(a) and (b) show the scanning electron micrograph of core-
sheath ﬁbre before and after ion milling. Fig. 7(a) shows the ﬁbre as a
single ﬁbre and there is no clear evidence the core-sheath structure
has been formed. However, the Fig. 7(b) reveals there are two phases
existingwithin the ﬁbre. A sharp contrast change within the ﬁbres indi-
cates that core-sheath ﬁbre has been obtained. The darker region corre-
sponds to the core of the ﬁbre while the brighter region corresponds to
the sheath of the ﬁbre. Fig. 7(c) shows the backscattered electronFig. 5. Scanning electron micrographs showing the surfaces of the coreimaging of the core-sheath ﬁbre. It is clearly seen there are nanoparti-
cles located within the ﬁbre and the ﬁbre surface. This demonstrates
that this manufacturing method is very effective for incorporating the
nanoparticles.
3.9. Yield of the ﬁbres
The yield of this method is compared with other well-established
techniques and shown in Table 2 below. The new core-sheath
pressurised gyration technique provides higher yield than the-sheath ﬁbres (a) PEO-PMMA (b) PMMA-PEO (c) PMMA-PMMA.
(a)
(b)
Fig. 6. (a) Nanoparticle containing PMMA ﬁbres (b) EDX analysis on the nanoparticles conﬁrmed existence of Ag/Cu/W elements.
8 S. Mahalingam et al. / Materials and Design 178 (2019) 107846centrifugal spinning and electrospinning methods. The yield is two or-
ders and an order of magnitude higher than the centrifugal spinning
and electrospinning, respectively. The yield is less than the valuewe re-
ported in our earlier work for single material pressurised gyration. This
is due to the different surface tension and viscosity of polymer systems
used in this work and the different lower rotating speed of the spinning
systems. The rotating speed of core-sheath twin reservoir gyration de-
vice is lower than the single reservoir pressurised gyration as its archi-
tecture is very different. In addition, the latter spinneret design
contained 20 oriﬁces to deliver output, compared with two oriﬁces
used in the present work. Also, the volume of materials delivered to
the output channel ismuch lower in the presentwork compared to pre-
viouswork [15] as the current spinneretmakes 100 revolutions in a sec-
ond compared to 600 in previous work [15]. Core-sheath ﬁbre size
obtained in this work is in themicrometre range however size of the ﬁ-
bres generated in electrospinning ranges frommicro-nano range. Mod-
iﬁcation of the outlet sizes (both inner and outer) to lower than existing
sizes used in the present work and the application of pressure N0.1MPa
(atmospheric) have produced core-sheath ﬁbres in the nanometer scale
and is being further investigated at present.With respect tomorphologyFig. 7. Scanning electron micrographs of core-sheath ﬁbres: (a) Before ion milling (b) After ion
the ﬁbre and nanoparticle on the ﬁbre surface.of the ﬁbres, all the core-sheath ﬁbres obtained from all the techniques
(pressurised gyration, electrospinning and centrifugal spinning) show
smooth, continuous ﬁbre morphology. However, these techniques in-
cluding pressurised gyration could be used to tailor the desired mor-
phology by adjusting the process parameters and the outlet size and
shape.
4. Conclusions
A novel pressurised gyration-based device and manufacturing route
have been developed to generate core-sheath ﬁbres in a single step. Suf-
ﬁcient evidence was gained to conclude core-sheath ﬁbre formation in
different polymeric systems. Encapsulation of nanoparticles in ﬁbres
was veriﬁed by energy dispersive x-ray analysis. This indicates that
the new design and methodology will pave the way to make various
novel functional materials and structures and this will be a very signiﬁ-
cant development especially for applications in energy and biomedical
scenarios.
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.matdes.2019.107846.milling (c) Backscattered scanning electron microscope image shows nanoparticle within
Table 2
Comparison of yield for different techniques.
Technique Yield (kgh−1)
Centrifugal spinning [19] 0.06
Solution blowing [20] 7–8
Electrospinning [19] 0.17
Single material pressurised gyration [15] 6
Core-sheath pressurised gyration (this work) 3.2
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